Exposure to arsenic in drinking water is associated with increased respiratory disease. Alpha-1 antitrypsin (AAT) protects the lung against tissue destruction. The objective of this study was to determine whether arsenic exposure is associated with changes in airway AAT concentration and whether this relationship is modified by selenium. A total of 55 subjects were evaluated in Ajo and Tucson, Arizona. Tap water and first morning void urine were analyzed for arsenic species, induced sputum for AAT and toenails for selenium and arsenic. Household tap-water arsenic, toenail arsenic and urinary inorganic arsenic and metabolites were significantly higher in Ajo (20.6±3.5 mg/l, 0.54±0.77 mg/g and 27.7±21.2 mg/l, respectively) than in Tucson (3.9±2.5 mg/l, 0.16±0.20 mg/g and 13.0 ± 13.8 mg/l, respectively). In multivariable models, urinary monomethylarsonic acid (MMA) was negatively, and toenail selenium positively associated with sputum AAT (P ¼ 0.004 and P ¼ 0.002, respectively). In analyses stratified by town, these relationships remained significant only in Ajo, with the higher arsenic exposure. Reduction in AAT may be a means by which arsenic induces respiratory disease, and selenium may protect against this adverse effect.
INTRODUCTION
Exposure to arsenic at concentrations exceeding 100 mg/l in drinking water has been associated with respiratory disease, including chronic obstructive pulmonary disease (COPD), bronchitis, bronchiectasis, reduced lung function and lung cancer. [1] [2] [3] [4] [5] [6] [7] However, the extent of clinical effects from lower levels of arsenic exposure and the associated molecular mechanisms of toxicity are poorly understood.
We have previously demonstrated that with tap-water arsenic exposure up to 20 mg/l, urinary arsenic concentration was negatively associated with sputum concentrations of the antiprotease tissue inhibitor of metalloproteinase 1 (TIMP-1). 8 Another important antiprotease in the airway is alpha-1 antitrypsin (AAT). AAT helps to defend the lung against neutrophil elastase, 9,10 among other proteases. AAT deficiency is a known risk factor for early onset and increased severity of COPD, especially in conjunction with cigarette smoking. 11 Our previous proteomic analysis of lung lavage fluid from arsenic-exposed mice compared with non-exposed controls using 2D-gel techniques demonstrated a disappearance of the protein spot consistent with AAT. 12 On the basis of the association of airway AAT with arsenic exposure in this in vivo model and the known association of AAT deficiency with lung disease in humans, we chose to analyze for AAT in sputum samples from our previously described arsenic-exposed population. 8 Selenium may modulate the carcinogenic potential of arsenic. [13] [14] [15] However, the mechanism by which this action may occur is unknown. One cross-sectional study in the United States reported that selenium status is associated with measures of lung function. 16 Selenium status is also related to the level of the antioxidant enzyme glutathione peroxidase. 17 As arsenic has effects on lung function and is known to upregulate reactive oxygen species in a variety of cell types, [18] [19] [20] it is reasonable to consider that selenium might modulate the relationship between arsenic exposure and lung disease.
In humans, inorganic arsenic is heavily methylated prior to its excretion in the urine. Ingested inorganic arsenic is methylated to monomethylarsonic acid (MMA) and dimethylarsenic acid (DMA). MMA has greater cytotoxicity than inorganic arsenic, 21 and methylation to MMA may increase the carcinogenic potential of arsenic. 22 Toenail arsenic concentration provides a longer-term exposure measure than urinary arsenic concentration and is also correlated with levels of arsenic in tap water. 23 Given these previous findings, we hypothesized that arsenic exposure would decrease sputum AAT in our study population, and that selenium and the extent of arsenic methylation to MMA would modify this relationship. The objectives of this pilot investigation were to evaluate these relationships in the setting of low-level (B20 mg/l) arsenic exposure through tap water.
MATERIALS AND METHODS

Study Population
The study protocol has been described previously. 24 This study was part of a larger study that evaluated the effects of a bottled-water intervention on arsenic exposure through drinking water in two Arizona (AZ) communities. Ajo, AZ was selected on the basis of relatively elevated arsenic concentration (B20 mg/l) in the tap water drawn from a single well for the entire community, and Tucson, AZ was selected as a control population with lower tap-water arsenic concentrations. Household recruitment took place in 2002 and 2003, and inclusion criteria required at least 3 years of continuous residence in the house, exclusive use of tap water for drinking 1 and food preparation, a minimum age of 18 years and no current smoking. The original design used a probability proportional to size-sampling protocol, based on census blocks that were selected at random. The recruitment goal was five households per census block; however, this goal could not be attained. In Ajo, the recruitment rate was o12%, and a census of the entire community was performed. In Tucson, two of the five census tracts that most closely resembled the Ajo population in the proportion of Hispanic residents and median age (in 2000 US census) were randomly selected, households were randomized and recruitment of five households per block was attempted. The recruitment rate in Tucson was o10%, given that the majority of people contacted regularly consumed bottled water, an exclusion criteria. The first two adults in each household were offered participation, although in many cases only one subject consented. A questionnaire was administered by research study team members in either English or Spanish, depending on the preference of the subject. Information on subject demographics, current and past medical problems, and household, occupational and environmental exposures was obtained.
Urine Arsenic
Detailed methods for analysis of urinary arsenic in this study have been reported elsewhere 24 and are summarized here. First morning void urine samples were collected in sterile, arsenic-free containers and processed within 2 h of collection. After centrifugation, supernatant was stored at À 20 1C for transport, then transferred to the University of Arizona where it was frozen at À 70 1C for subsequent analysis. A modified HPLC-ICP-MS speciation method was used for measurement of arsenic. The HPLC system consisted of an Agilent 1100 HPLC (Agilent Technologies) with a reversephase C18 column (Phenomenex, Torrance, CA, USA). The sensitivity limits for arsenic species were predetermined to range between 0.04 and 0.08 mg/l. Inorganic arsenic (As) sum of species was calculated as the sum of As 
Toenail Selenium and Arsenic
Toenails were sent to Dartmouth College as part of a cooperative project with the University of Arizona. Each toenail sample was washed with acetone, Triton X-100 and water to remove external contaminants. The complete sample was then weighed into a Teflon vial and digested in 1 ml of concentrated HNO 3 under pressure at 30 1C in a microwave oven. Four microlitres of water were added to the resulting solution that was stored at 5 1C. For arsenic analysis, the solution was diluted an additional four times with water and analyzed using an Agilent 7500c ICPMS instrument with an Octapole reaction cell that was pressurized with hydrogen gas. For analysis of selenium, the same procedures were followed except for the use of hydrogen as a reaction gas, and then selenium was monitored using three isotopes m/z ¼ 76, 77 and 78, as previously described. 25 The final result was the average of the results for all individual selenium isotopes. The detection limit for both arsenic and selenium was 0.005 mg/g.
Sputum Induction and AAT Analysis
Sputum induction was performed by using a sterile 3% saline aerosol (Baxter, Deerfield, IL, USA) generated by using DeVilbiss Ultra-Neb 99HD ultrasonic nebulizers (Somerset, PA, USA) set on maximum output. Subjects were encouraged to cough up every 2 min for a period of 30 min and the sputum was collected. Prior to each cough, subjects were asked to discard any saliva to minimize salivary contamination of the sputum sample. Sputum samples were treated with 10% Sputolysin (Calbiochem, San Diego, CA, USA) containing penicillinstreptomycin to inhibit bacterial growth. Samples were then centrifuged to separate cells from the supernatant, which was stored at À 20 1C for transport before being transferred to the University of Arizona for storage at À 70 1C.
Sputum supernatant samples were analyzed in duplicate for levels of AAT using a commercially available enzyme-linked immunosorbent assay (ELISA) (Alpco Diagnostics, Salem, NH, USA). A uniform initial sample dilution was performed on all samples to maximize the number of samples with concentrations within the standard range for the AAT ELISA. Total protein concentration was estimated using the biocinchoninic acid (BCA) assay in a microplate (Sigma Aldrich, St Louis, MO, USA). The limit of detection (LOD) for the assay was 825 ng/ml. Statistical Methods Stata 11.2 (College Station, TX, USA) was used for statistical analyses. To account for variation in sputum sample dilution during induction, analyses were carried out using the ratio of sputum AAT over sputum total protein (AAT/total protein). Sputum AAT/total protein, toenail arsenic and selenium, tap-water arsenic and urinary arsenic biomarkers were normalized using natural log (log(e)) transformations, and values below the LOD were assigned a value equal to half of the LOD. Pearson's w 2 tests were used to compare sex, ethnic group (Hispanic white/non-Hispanic white), self-reported diabetes (ever/never), kidney disease (ever/never), asthma (ever/never) and smoking status (ever/never) by town (Ajo/Tucson). A Wilcoxon rank-sum test was run to compare age distribution in Ajo and Tucson, and independent sample t-tests were used to compare log(e)-transformed biomarker concentrations between towns. We evaluated the relation of each urinary arsenic species independently in addition to the sum of the species and toenail total arsenic in pairwise Pearson correlations using log(e)-transformed values. Simple linear regression was used to evaluate the marginal associations between log(e)-transformed sputum AAT/total protein, toenail arsenic and urinary MMA, and potential confounders including sex, age, ethnicity, body mass index (BMI), diabetes, kidney disease, seafood consumption during the previous 3 days (yes/no) and smoking status. Variables associated with the dependent outcome and predictor variables at Po0.20 in crude analyses were then entered into the multivariable model and tested for confounding (Po0.10) using the likelihood ratio test. Separate analyses, stratified by town, were also run. Post hoc diagnostics were performed to assess whether assumption parameters for multiple linear regression modeling were met.
RESULTS
A total of 73 individuals participated in the original study of drinking water intervention, 40 from Ajo and 33 from Tucson. Owing to subjects' refusal, inability to schedule a session or failure to produce sputum, sputum samples were available for only 57 subjects, 53 of whom also provided urine samples, 31 from Ajo and 22 from Tucson (Table 1) . Participants ranged in age from 30-92 years, but most of the population was over 60 years of age. The majority of the population was female (60%) and nonHispanic white (61% in Ajo and 77% in Tucson). A total of 11 individuals reported seafood consumption (21%) within 3 days of completing the questionnaires. There were no statistically significant differences between the Tucson and Ajo populations in age distribution, sex, ethnicity, asthma, kidney disease, diabetes status or past smoking history.
A comparison by town of mean concentrations of sputum AAT and protein, total tap-water arsenic, urinary arsenic species, and toenail arsenic and selenium is shown in Table 2 . Two (3.8%) of the sputum AAT concentrations were below the LOD, whereas all of the sputum total protein, urinary MMA, and toenail arsenic and selenium concentrations were above the LOD. The mean concentration of sputum AAT was 10.1 mg/ml and there was no difference in sputum AAT or in the ratio of sputum AAT to total protein by town, although the standard deviations were large relative to their respective means. Tap-water arsenic, urinary arsenic species (except As ) and toenail arsenic were all significantly higher in Ajo than in Tucson (all Pr0.003).
Seafood consumption (during the previous 3 days) was not associated with AAT/protein. It was negatively correlated with log(e) MMA, but not with any other biomarkers of arsenic exposure (not shown). Water, toenail and urinary arsenic measures in the combined population were mostly significantly correlated: toenail arsenic was correlated with urinary As þ 5 , urinary inorganic arsenic sum of species and water arsenic; and water arsenic with all arsenic measures except urinary As þ 3 (Table 3) . Toenail selenium was highly negatively correlated with toenail arsenic (Po0.001) and urinary As þ 5 (P ¼ 0.026), but not with other arsenic-exposure measures.
In simple linear regression analyses, log(e) urinary MMA (P ¼ 0.020) (Figure 1 ) and log(e) toenail arsenic (Po0.003) (not shown) were significant negative predictors of log(e) sputum AAT/ total protein, whereas toenail selenium was a significant positive predictor (P ¼ 0.004) (Figure 2 ). Tap-water arsenic, urinary As þ 3 , As þ 5 , DMA and inorganic arsenic sum of species were not significantly associated with sputum AAT/total protein. Measures of correlation among these markers are presented in Table 3 . Several variables were marginally associated with sputum AAT/protein, including sex, smoking status, kidney disease and diabetes, but none of these reached statistical significance. There was no relation between seafood consumption and sputum AAT.
In multiple regression models of the total population using log(e)-transformed measures, urinary MMA was negatively associated (P ¼ 0.004), whereas toenail selenium was positively associated (P ¼ 0.002) with sputum AAT/total protein ( Table 4) . The other covariates in the model (sex and town) did not reach statistical significance, although female subjects had marginally lower AAT/protein ratios than male subjects (P ¼ 0.052). There was no significant interaction between urinary MMA and toenail selenium in the model (P ¼ 0.475). When toenail arsenic was included in the multivariable model in place of urinary MMA, the results (not shown) demonstrated a significant negative effect of arsenic exposure (P ¼ 0.041) on sputum AAT/total protein, but the effect of toenail selenium was not significant (P ¼ 0.138). In models using household tap-water arsenic concentration or urinary inorganic arsenic sum of species as a measure of arsenic exposure, there was no relation between arsenic exposure and sputum AAT/protein. In both of these models, however, toenail selenium was a significant positive predictor of sputum AAT/protein (P ¼ 0.001 and P ¼ 0.006, respectively).
Although seafood consumption was not associated with AAT/ protein in univariate models, we tested it in the multivariate regression models because of its relation to MMA. The effect of adding seafood consumption to the model of the combined population was negligible; it was not a significant variable in the model, and the relation between AAT/protein and urinary MMA and toenail selenium did not change. Furthermore, mean (ln) urinary MMA concentrations were not significantly different comparing 11 subjects who had seafood in the previous 3 days with all other subjects.
In analyses stratified by town (Table 5) , urinary MMA and toenail selenium were significantly associated with sputum AAT/total protein in Ajo only, the town with higher tap-water arsenic concentrations, and female sex was associated with decreased AAT/protein. There was no significant relationship between urinary MMA, toenail selenium or female sex and sputum levels of AAT/protein in the Tucson population alone. Inorganic as sum of species ¼ (As
DISCUSSION
The association of increased arsenic exposure, measured as urinary MMA, with decreased sputum AAT provides a potential mechanism for arsenic-induced respiratory disease. Building on our previous study demonstrating increased matrix metalloproteinase 9 (MMP-9)/TIMP-1 with arsenic exposure, 8 the current study continues to support an alteration in protease/antiprotease balance due to arsenic that could lead to lung tissue destruction. The current study results also suggest that selenium exposure may have a protective effect on sputum AAT. Urinary MMA, as compared with urinary arsenic sum of species, toenail arsenic and tap-water arsenic concentrations, provided the most Table 3 . Pairwise correlations among log(e)-transformed tap-water arsenic, urinary arsenic, toenail arsenic and selenium, and sputum alpha-1 antitrypsin/total protein in the combined populations.
Toenail Se
Toenail As Urinary As Table 5 . Multiple regression of log(e) sputum AAT/total protein, stratified by town (Ajo versus Tucson) using the same model as that used for the combined population. consistent predictor of sputum AAT, potentially due to the reportedly high toxicity of MMA. 21, 22 Alteration of protease/antiprotease balance has been linked to lung disease. AAT deficiency is a known risk factor for development of COPD even in non-smokers. 11 AAT deficiency also has other deleterious effects, including increasing susceptibility to pulmonary infection. 26 Increased levels of AAT greatly reduce damage from inhaled toxicants such as cigarette smoke. 27, 28 The previously described imbalance in MMP-9/TIMP-1 ratio can also skew lung remodeling towards tissue breakdown, a process that could lead to airway disease and emphysema. [29] [30] [31] [32] [33] [34] [35] The rationale for investigating AAT came from proteomic analysis of lung lavage fluid in arsenic-exposed mice. 12 Given similarities in protein (AAT and RAGE) changes and increased MMP-9/TIMP-1 ratio identified in both arsenic-exposed mice and humans, it seems reasonable to postulate that the effect of low-level (o50 mg/l) arsenic exposure on airway protein expression may be relatively consistent across these species. However, studies of alterations in pulmonary function with levels of arsenic exposure below 50 mg/l have not been carried out in either species, therefore the functional or clinical effects of this relatively low-level arsenic exposure are not yet known.
Predictor variables
The mechanisms by which arsenic reduces sputum AAT and selenium modifies the effect of arsenic on AAT have not been elucidated. As MMP-9 cleaves AAT, 31 and MMP-9/TIMP-1 ratio in human sputum is increased in response to low-level arsenic exposure, 8 it is possible that arsenic decreases AAT through increased MMP-9 activity. However, in our previous study, we did not specifically test for MMP-9 activity. Selenium appears to have a protective effect on lung function in a general population selected from the National Health and Nutrition Examination Survey (NHANES), although the potentially confounding effects of concurrent exposure to arsenic or other environmental contaminants were not assessed. 16 The association between selenium and sputum AAT levels may be due to selenium-increasing AAT production in the liver, suggested by increased growth of human hepatoma cells with selenium supplementation. 36 Other potential mechanisms by which selenium could modulate the toxic effects of arsenic include increased expression of glutathione peroxidase, 17 alterations in DNA methylation 14 and cell cycle effects. 37 In contrast to our current study, toenail selenium did not predict sputum MMP-9/TIMP-1 and RAGE in previous studies. 8, 12 The arsenic-exposure concentrations evaluated in this study are well below those evaluated in most other studies of arsenic toxicity. The Tucson and Ajo populations were exposed, respectively, to mean levels of B4 and B20 mg/l arsenic in drinking water. Although there were significant differences between Tucson and Ajo in total urinary inorganic arsenic, there was a marked overlap in total urinary inorganic arsenic between the towns. 24 Differences in quantities of tap water ingested through drinking and cooking may have contributed to this overlap, along with consumption of water outside the household and diet.
Arsenic methylation may increase toxicity. [38] [39] [40] [41] As previously mentioned, MMA has greater in vitro cytotoxicity than inorganic arsenic, and methylation to MMA may increase the carcinogenic potential of arsenic. 21, 22 However, further methylation of MMA to DMA is considered a detoxification reaction. 42 In our study, urinary MMA was more consistently associated with decreased sputum AAT/total protein than urinary arsenic sum of species, toenail arsenic or tap-water arsenic concentrations, supporting a deleterious effect of methylation, although, in the models stratified by town, this association was only significant in Ajo, likely due to the higher levels of arsenic exposure in Ajo as compared with Tucson.
The effects of arsenic at low doses appear to include multiple system changes. In addition to our current and past studies demonstrating effects of arsenic at tap-water concentrations of 20 mg/l and below on sputum proteins, other studies have suggested associations with altered DNA repair, cardiovascular disease, diabetes and kidney disease. 43, 44 Decreased DNA repair has been reported in subjects with mean drinking water arsenic exposure of 32 mg/l as compared with a control group with mean exposure of 0.7 mg/l. 43 Increased standardized mortality ratios for cerebrovascular disease, diabetes and kidney disease were reported in a study of Michigan residents with well-water arsenic concentrations of 10-100 mg/l. 44 Our current study findings support the growing evidence that arsenic exposure below 50 mg/l has deleterious effects, and also bring into question whether the current 10 mg/l Maximum Contaminant Level established by the EPA is suitably protective.
There were a number of limitations to our study. The number of subjects evaluated was relatively small, and the study should be replicated in larger populations with a greater range of arsenic exposure. The use of ELISA to measure sputum AAT does not permit evaluation of AAT activity, and neutrophil elastase should be measured in future studies to determine whether this protease/ antiprotease balance has been altered. Although we were able to measure sputum AAT concentrations, sputum cell count and differential data were not available. Additional in vivo and in vitro studies are needed to establish toxicologic mechanisms for our observed findings. Another potential concern is the relation of seafood consumption and methylated arsenic compounds. Although there were significantly lower levels of log(e) MMA among seafood eaters in our population, this had no influence on the relation between MMA and toenail Se and AAT/protein and it is unclear why there should be a negative relation between seafood consumption and MMA. In a study of urinary arsenic metabolites in subjects before and 3 days after consumption of seafood, there were similar levels of the metabolites. 45 Finally, our study evaluated biomarkers representing concurrent (drinking water arsenic and urinary MMA) and cumulative (toenail arsenic and selenium) measures of exposure. Although we believe that sputum AAT/ total protein should vary more with concurrent exposure than cumulative exposure, the actual temporal relationship has not, to our knowledge, been elucidated.
In conclusion, sputum AAT/total protein level was negatively associated with urinary MMA in populations with tap-water arsenic exposures up to 20 mg/l. Toenail selenium concentration was protective, although this effect was only seen in Ajo, with higher arsenic exposures. Additional studies in other arsenicexposed populations are necessary to confirm these results.
